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Abstract: Objective To investigate the protective effects of tea polyphenols (TP) against myocardial ischemia/reperfusion (IR) 
injuries and explore the possible mechanisms. Methods Langendorff-perfused rat hearts were subjected to ischemia for 30 min 


followed by reperfusion for another 30 min. Myocardial function indices were measured by a left ventricular cannula via a 
pressure transducer connected to the polygraph in isolated Langendorff hearts and energy metabolism was measured using *'P 
nuclear magnetic resonance (NMR) spectroscopy. Whole-cell patch-clamp technique was used to record calcium inward current 


(Ia) in cultured rat cardiac myocytes. Results Compared with the control hearts, the ex vivo rat hearts with 2.5 mg/L TP 
treatment showed significantly increased left ventricular developed pressure (LVDP), maximal rise rate of LVDP (+ dp/dtmax), 


maximal fall rate of LVDP (-dp/dtmax), and coronary flow (CF) (P<0.05). During both cardiac ischemia and reperfusion phase, ATP 
and PCr levels were elevated significantly in TP-treated hearts compared with those in the control hearts (P<0.05). In cultured rat 


cardiac myocytes, Ic... was remarkably decreased by TP at the doses of 2.5 and 5.0 mg/L (P<0.01). Conclusion Our results support 
a possible protective role of TP against myocardial IR injury by improving myocardial energy metabolism and inhibiting Ic, in 


the cardiac myocytes. 
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INTRODUCTION 


Polyphenol compounds with unique chemical 
structures have been shown to scavenge reactive radical 
species and bind to metal ions to prevent peroxidative 
stress"! and are capable of preventing damages of lipid 
membrane, proteins and nucleic acids induced by 
reactive oxygen species (ROS) and nitric oxide **. In 
both in vitro and in vivo models, polyphenols are found 
to possess anti-carcinogenic activity, inhibit the activity 
of many transcription factors, and suppress the growth of 
human cancer cells +“, Accumulating evidence also 
support the cardioprotective effects of tea polyphenols 
(TP) against ischemia-reperfusion (IR) injury”, and in 
different animal models, treatment with tea extract or 
catechins before or during IR of the heart was found to 
improve the cardiac function, reduce the infarct size, 
and ameliorate apoptosis of the cardiac myocytes '""". 
But so far, the mechanisms underlying the 
cardioprotective action of TP have not been fully 
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understood. 

Canyon et al” reported that intravenous infusion of 
adenosine and lidocaine solution protected against 
severe arrhythmias, reduced infarct size and prolonged 
the survival of rats with regional ischemia probably in 
association with preserving myocardial high-energy 
phosphates, lowering myocardial metabolic demand at 
the expense of a high acid-load during ischemia, and 
allowing for a rapid recovery of myocardial pH during 
reperfusion. Research evidence suggests that an 
increased myocardial cytoplasmic free calcium 
concentration is involved in burn injury-induced 
suppression of myocardial contractile function in rats |", 
and the selective inhibition of Na*/Ca’* exchanger may 
effectively preserve high-energy phosphates and im- 
prove cardiac function after reperfusion in Langendorff- 
perfused rat hearts '*. Earlier studies showed that 
inhibition of xanthine oxidase by allopurinol may protect 
the heart from IR injury by enhancing energy supply, 
and histidine prevented postischemic reperfusion injury 
in isolated heart by inhibiting ROS and reserving 
high-energy phosphates "* "©, 

Considering the importance of energy metabolism 
and cellular calcium homeostasis in myocardial function 
and the close relation of high-energy phosphates with 
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the protective effects of some antixodiants against IR 
injury, we hypothesized that TP offers protection against 
heart IR injury by influencing myocardial energy 
metabolism and calcium inward current. To test this 
hypothesis, we conducted this study by measuring 
energy metabolism in Langendorff-perfused rat hearts 
with IR injury and by detecting calcium inward current 
(Ica) in cultured rat cardiac myocytes. 


MATERIALS AND METHODS 
Animals 


Twelve 12-week-old Wistar rats of either sex 
(weighing 300 to 350 g) were maintained in 6 separate 
cages (2 rats in each cage) in a controlled standard 
environment at 22 °C with a 12-hour dark/light cycle. 
The rats were handled with humane care in line with the 
guidelines of the Chinese Council on Animal Care and 
the Research Committee on Animal Care and Supply. 
The rats were acclimated to the conditions for 3 days 
and were subsequently assigned to control (n=6) and IR 
(n=6) groups. All the rats were allowed free access to 
normal chow and water for 7 days until the time of the 
surgery. 


Chemical agents 


TP with a purity >97% (extracted from tea using a 
modified method of Yang et al''”) was manufactured and 
provided by Tiantai Pharmaceutical Factory (Zhejiang, 
China). According to the manufacturer, this product 
contained (-)-epigallocatechin gallate (EGCG) (50%- 
60% ), (-)-epicatechin gallate (ECG) (15%-20% ), (-)- 
epigallocatechin (EGC) (10%-15% ), (-)-epicatecthin 
(EC) (4%-6% ), and (+)-catecthin (C) (2%-4%). In this 
experiment, TP was dissolved in modified Krebs- 
Henseleit (K-H) solution for Langendroff-perfused rat 
hearts or for treatment of cultured rat cardiac myocytes. 
All the other reagents were of analytical grade. 


Measurement of myocardial function in Langendorff rat 
heart with IR injury 


The Langendorff heart was rapidly excised from 
Wistar rat and perfused with a modified K-H solution 
(containing KC] 5.4 mmol/L, MgSO,+7H20 0.8 mmol/L, 
CaCl, > H:O 2.2 mmol/L, NaCl 9.2 mmol/L, EDTA 0.5 
mmol/L, and glucose 11 mmol/L) according to our 
previous method". The perfusion solution was gassed 
with 95% O, and 5% CO, and maintained at 37.4 °C 
with a pH value of 7.4 (adjusted by controlling the flow 
of oxygen and carbon dioxide). The hearts in [P-treated 
group were perfused with K-H solution containing 2.5 
mg/L TP. The hearts were exposed to 30 min of global 
ischemia at 18 °C followed by reperfusion for 30 min. A 
latex balloon was introduced into the left ventricle via 
the left atrium and connected to a transducer (P-0.5A, 
Japan) for measurement of the physiological indices of 
the Langendorff heart before the ischemia, after the 
30-min ischemia, and at 5, 15, or 30 min during the 


reperfusion.Left ventricular developed pressure (LVDP), 
+dp/dtusx and -dp/dtnx in the control and TP groups were 
measured and analyzed using CARDIO, software 
developed by Shanghai Medical University (Shanghai, 
China). 


Determination of myocardial energy metabolism in 
Langendorff rat heart with IR injury 


The heart connected to the Langendorff perfusion 
apparatus was placed in a standard 20-mm_ nuclear 
magnetic resonance (NMR) tube with the apex 
approximately 2.5 cm from the bottom of the tube, and 
the tube was inserted into the NMR coil. Using *‘P-NMR 
technique following the protocols described by Cheng et 
al"™, the myocardial energy metabolism in Langendorff 
rat heart was measured before ischemia, at 5, 15, and 30 
min during ischemia, and at 5, 15, or 30 min during 
reperfusion. The phosphorous nuclear resonance 
frequency was 61.83 MHz. The NMR spectra were 
collected using signal pulse for 150 scans in about 5 
min, so that the signals obtained in each spectrum 
should represent an accumulated value during the 
acquisition time. ATP and PCr were quantified by 
comparison with a capillary tube of standard 
methylenediphosphonic acid (MDP, 0.25 mol/L) fixed 
inside the NMR tube. Phosphate peaks, expressed as 
percentages of the control values, were determined by 
measuring the area under each resonance peak. The 
relative intensity of each peak was used for quantitative 
analysis. The data obtained were fitted to chemical-shift 
expression. 


Determination of calcium inward current in cultured rat 
cardiomyocytes 


A single cardiomyocyte from the left ventricle of 
adult Wistar rat heart was enzymatically isolated by 
Langendorff perfusion of the aorta”. Briefly, the heart 
was rapidly removed and placed in oxygenated ice-cold 
Ca’ *-free Tyrode's solution; the Langendorff heart was 
treated by a 5 min perfusion with a nominally Ca’*-free 
Tyrode's solution. Enzymatic digestion was initiated by 
15-20 min of perfusion with 50 mL Ca’ *-free Tyrode's 
solution containing 15 mg collagenase. At the end of the 
perfusion, the ventricles were excised and cut into small 
pieces, which were stirred in a small vessel containing 
Kraft-ebriihe (KB) solution until elongated, striated 
cardiomyocytes dissociated from the tissue blocks. 
Cardiomyocytes were harvested after filtering the 
cell-containing suspension through a nylon mesh (pore 
size 200 wm), washed for 3 times with the storage 
solution and then maintained at room temperature in KB 
solution for at least 1 h before the electrophysiological 
experiment. The cardiomyocytes were placed in a 
chamber mounted on an inverted microscope (Olympus 
Inc. Tokyo, Japan). Glass microelectrodes (1-1.5 um in 
diameter) were pulled with a horizontal puller. The 
cardiomyocytes were treated with gravity feeding TP at 
the concentration of 2.5 or 5.0 mg/L for 3 min. Before 
and after the application of TP, the control and treated 
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cell Iar values were recorded using whole cell 
patch-clamp technique. After gigaseal was formed and 
the patch ruptured, an Axopatch-700B patch clamp 
amplifier (Axon Instruments, USA) was used for voltage 
clamping, and Ic. was obtained by voltage clamp steps 
of 250-ms duration from a -80 mV holding potential to 
the test potentials between -40 and + 40 mV. During 
current measurements, the cell capacitance and series 
resistance were compensated, and pCLAMP 9.2 software 
package (Axon) was used for data acquisition and 
analysis. 


Statistical analyses 


The data are presented as Mean + SD. Statistical 


analyses were performed with one-way analysis of 
variance, and a P value <0.05 detected by F-test was 
considered to indicate a significant difference between 
the groups. 


RESULTS 


Effect of TP on myocardial function in Langendorff rat 
heart with IR injury 


Before reperfusion, the Langendorff rat hearts were 
arrested for 30 min at 18 °C. At the end of the 30-min 
reperfusion, LVDP, + dp/dtns, -dp/dtmx and CF in TP 
group were significantly higher than those in the control 
group (P<0.05, Tab.1). 


Tab.1 Effect of TP on myocardial function in Langendorff rat heart with IR injury (n=6, Meant+SD) 


Control Tea ployphenols (2.5 mg/L) 
Group LVDP +dp/dtmax -dp/dtnax LVDP +0p/dtrax -dp/dtma: CF 
(kPa/s) (kPa/s) (kPa/s) (mL/min) (kPa/s) (kPa/s) (kPa/s) (mL/min) 

Pre-ischemia 9.5+1.4 269.7+40.9  147.5412.7 12.6+1.8 10.0+0.9 271.0442.7 147.24+10.8 12.44+1.4 
Ischemia (30 mim) 0+0 0+0 0+0 0+0 0+0 0+0 0+0 0+0 
Reperfusion 

5 min 2.9+0.4 43.04+11.4 43.2412.3 10.341.5 3.6+0.6 60.24+14.4* 59.3+12.6* 11.741.3 

15 min 4.2+1.0 116.7424.3 72.5413.3 = 10.4+1.8 6.541.3*  177.3433.6**  128.5423.2*** = 11.94+1.4 

30 min 8.8+0.6 208.3437.5 127.24+23.5 10.2+1.3 10.741.4*  262.8432.9*  154.8+16.6* 11.9+1.4* 


LVDP: Left ventricular developed pressure; +dp/dtmax: Maximal rise rate of LVDP; -dp/dtnax: Maximal fall rate of LVDP; CF: Coronary flow. 


*P<0.05, **P<0.01, ***P<0.001 vs control group. 


Effect of TP on energy metabolism in Langendorff rat 
heart with IR injury 


In the control hearts, PCr declined rapidly and 
became undetectable after 15 min of ischemia, at which 
point PCr level maintained 6.4% of the pre-ischemic 
level in TP group (P<0.01, Tab.2). PCr showed a 


significantly greater recovery during reperfusion in TP 
group than in the control group (P<0.05). ATP 
decreased more slowly in TP group than in the control 
group during the ischemic phase, and in the reperfusion 
phase and thereafter, ATP level was significantly higher 
in TP group than in the control group (P<0.05, Tab.2). 


Tab.2 Effect of TP on myocardial energy metabolism in Langendorff rat heart with IR injury (n=6, Mean+SD) 


Control Tea polyphenols (2.5 mg/L) 
Group 
ATP (%) PCr (%) ATP (%) PCr (%) 
Pre-ischemia 100+0 100+0 100+0 100+0 
Ischemia 
5 min 91.6+2.6 44.8+7.3 112.8+6.8** 60.0+6.5* 
15 min 60.7+40 0+0 93.7+7.9%** 6.441 6% 
30 min 32.8+4.1 0+0 54.0+13.7* 0+0 
Reperfusion 
5 min 34.243.8 50.3+11.5 52.9+14.4* 71.245.4* 
15 min 34.3+4.4 50.6+11.0 53.04+15.1* 74.2+5.8* 
30 min 33.5+4.4 50.1+10.7 47.2413.7* 74.245.9* 


ATP and PCr levels are expressed as percentages of their pre-ischemic levels. *P<0.05, **P<0.01, *** P< 


0.001 vs control group. 
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Effect of TP on lca, in cultured cardiomyocytes 


The action potential duration of repolarization 
(APD50 and APD90) of rat myocytes was shortened by 
treatment with TP. The density of peak Ja. was 
significantly lowered by TP, and pA/pF was reduced 
from 12.5+1.2 to 8.6+1.5 in cells treated with 2.5 mg/L 
TP, and from 11.1+0.9 to 5.4+0.5 in cells treated with 
5.0 mg/L TP (P<0.01, Fig. 1). 


+40 mV 
— | 1000 pA 
-40 mV -40 mV. 200 ms -40 mV 50 ms 


TP 2.5 mg/L 


S—_—"—T TP 5.0 mg/L 


Fig.1 Effect of different concentrations of TP 
on lea in isolated rat myocytes (n=5). 


DISCUSSION 


Many investigations have shown the protective 
effects of TP or its main composites against cardiac IR 
injury both in vivo and in vitro. Yanagi et al”™ reported 
that pre-treatment of rats with green tea polyphenol 
orally at 0.1, 1, or 10 mmol/L for 2 weeks preserved 
cardiac function of Langendorff-perfused hearts with 
global IR stress, and this effect may due to the 
antioxidative and antiapoptotic activities of polyphenols. 
Akhlaghi et al” observed that rats fed with green tea 
showed significantly decreased markers of apoptosis, 
increased total glutathione, and enhanced activities of 
the phase 2 enzymes glutamate cysteine ligase and 
quinone reductase in the hearts with IR stress. Hirai et 
al” examined the protective effects of (-)- epigallo- 
catechin gallate (EGCG) or gallocatechin gallate GCG 
against IR injury in perfused guinea pig Langendorff 
hearts and found that both EGCG (3 x 10° mol/L) and 
GCG (3X10° mol/L) significantly promoted the recovery 
of LVDP from IR stress, which was consistent with a 
significant increase of ATP generation in tissues after 
ischemia and reperfusion. Our findings are consistent 
with these observations. 

The cardioprotective effects of antioxidants on 
perfused hearts are thought to be mediated by the 
inhibition of Na*/Ca’* exchanger that protects the mito- 
chondrial respiratory function and reduces lipid 
peroxidative injury ‘*'°. Iwai et al”) observed that 
cytosolic sodium overload may induce mitochondrial 
dysfunction in cardiac cells during ischemia and 
resulted subsequently in  post-ischemic contractile 


dysfunction in perfused rat hearts. The cardioprotection 
of diltiazem may be exerted via attenuating cytosolic Na* 
overload through inhibition of Na* channels in the isc- 
hemic heart and preservation of mitochondrial functions 
during ischemia to improve post-ischemic energy 
production and promote contractile recovery ™. KR- 
32570 possessed potent cardioprotective effects in 
perfused rat hearts by inhibiting Na‘/H* exchanger and 
lipid peroxidation and preserving high-energy 
phosphates”*. Hirai et al''”’ observed that in perfused rat 
hearts, EGCG (10° mol/L) inhibited mitochondrial Ca’* 
elevation by lowering Ca’* content or suppressing acidi- 
fication of perfusate. In this study and also a previous 
study’, we found that TP significantly inhibited Zc. in 
cardiac myocytes in vitro, suggesting the beneficial 
effect of TP in maintaining normal mitochondrial 
function in rat hearts exposed to IR injury. 

In this study, we further demonstrated the 
protective effects of TP on myocardial function in 
isolated rat heart with IR injury. Our findings support a 
possible role of TP in maintaining myocardial energy 
metabolism and in inhibition of calcium inward current 
caused by myocardial IR injury, but the mechanism still 
awaits further study. 
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